Abstract-In this work, a concept for the realization of a reconfigurable microwave multiplexer based on a switched delayline topology is presented. The multiplexing concept is studied by considering a diplexer example. The topology provides two times reduction in the number of filters in comparison to the conventional directional filter approach. The switched delay-line topology enables the lossy and nonlinear switching elements to be used as a part of the coupling elements rather than within the resonators. Therefore, the diplexer potentially allows for a low insertion loss and high linearity. In addition, independent tuning of channels can be achieved.
INTRODUCTION
The use of reconfigurable transceivers potentially offers a great reduction in price of terrestrial and satellite systems for communication, broadcasting, and other services. This economical concept, however, requires on-the-fly frequency relocation. Dynamic range requirements for communication and broadcasting systems make radio frequency frontend multiplexers indispensable. These multiplexers and filters are required to protect receivers from out-of-band interfering signals (i.e., from transmit signals of the same or other services) and protect transmitters from polluting the electromagnetic spectrum. Therefore, reconfigurable multiplexers are key building blocks for flexible communication systems.
Since other frontend components such as switches, amplifiers, and mixers can be designed for ultra-wideband operation [1] - [5] , reconfiguration of transceivers is generally limited by the reconfiguration capabilities of multiplexers. Therefore, reconfigurable multiplexers will be the key enablers of future flexible communication systems.
The advantages offered by reconfigurable multiplexers (such as mass and volume reduction as well as total cost reduction of the system) attracted a great deal of interest from microwave community. Even though, most of the research in the field of reconfigurable front-end components is focused on RF filters rather than multiplexers [6] - [9] , yet reconfigurable filters is still considered as an immature technology [10] . This is mainly due to the limitations of tuning components such as varactors, BST capacitors, and others (high non-linearity, low Q, etc.) [11] . The reconfiguration concept proposed in this paper is based on switched delay-line resonators, which, according to the original paper [13] , does not rely on highquality components.
The block diagram of the considered diplexer is shown in Fig. 1 . Each branch of the diplexer contains two switched delayline resonators consisting of a 3 dB power divider (or a directional coupler) and a delay line. These resonators are connected through unit elements which are usually filters, which improve both the shape factor and stop-band rejection of the diplexer. An example employing a simple coupled line resonator and two transmission line impedance transformers as a unit element is shown in Fig. 2 .
This architecture allows independent tuning of channels and requires only one filter as compared to the traditional directional filter approach [12] , where two identical filters are usually used for each channel.
II. OPERATION PRINCIPLE OF THE SWITCHED DELAY-LINE RESONATOR
The background theory of the switched delay-line resonator can be found in the literature [13] - [15] . Here we present only a OUT short description of the resonator, required to understand the overall tunable diplexer concept. As one can see from the diagram of the switched delay-line resonator in Fig. 3 , the incoming signal enters a 3-dB power divider and propagates along two parallel delay lines. A multi-pole RF switch combines the signal again at the output. Fig. 3 . Switched delay-line resonator [13] . The signals from two parallel delay lines are combined at the output with adjustable phase difference 2Δθ. This phase difference defines the frequency response of the circuit.
The transmission response is entirely determined by the phase relationship between the delay lines, where band-stop and band-pass frequencies occur at nf 0 /2, for odd n, and mf 0 /2, for even m, respectively. Here f 0 is the center of the first passband. The relative phase between the two delay lines, 2Δθ, can be expressed in the following way: Δθ = πf / f 0 .
A generic unit element which follows the switched delay line resonator in Fig. 2 can be either a simple transmission line, an impedance-transformed coupled line section (like shown in Fig. 2 ), or a higher order tunable filter, as it will be demonstrated later in Section IV.
III. DIPLEXER ARCHITECTURE DISCUSSIONS
Generally, there are three traditional fixed frequency multiplexing methods: (1) circulator/filter chain, (2) directional filter approach, and (3) manifold multiplexing technique [12] .
The main advantage of the first multiplexing method is that the existing system can be easily extended for additional services (channels). The significant drawback of this method is the power loss of the individual channels caused by the present circulator. Furthermore, power-handling capabilities and dissipated power must be carefully considered. In relation to the current application, where frequency tuning is involved, the bandwidth of the implemented circulators must be considered. If the circulator exhibits narrowband behavior, the overall tuning capabilities of the multiplexer will be limited by the bandwidth of the circulator.
Multiplexing using the second (directional filter) approach [16] provides the same features as the method with circulator/filter modules. Further advantages, as opposed to the circulator/filter approach, are lower insertion loss and higher power-handling capability. The essential drawback of the directional filter multiplexing method results from the required hardware effort (the conventional design requires two filters and two hybrids for each channel, as shown in Fig. 4 ) resulting in high mass and large size.
The main advantage of the third, manifold multiplexing, method, in contrast to the above mentioned modular concepts, are low insertion loss, compact size, low mass and high powerhandling capability. Due to the mentioned advantages, this method is one of the most popular multiplexing methods for space applications. With regard to the considered here tunable application, the main drawback is the high interaction of the channel filters where the situation of degraded in-band performance is likely to occur.
The multiplexing approach presented in this work resembles the directional filter architecture presented in Fig. 4 in the sense that the directional coupler is used to split the frequency channels. The proposed topology, however, requires only one filter per channel (typically, such multiplexers would require two identical filters, as it was outlined above) and a Fig. 1 and Fig. 4) . The filter reconfiguration approach based on the described above switched delay-line is extended forming a multiplexer. The input power divider is substituted by a directional coupler further extending the filter, as it is shown in Fig. 1 and Fig. 2 in the case of a diplexer (for more channels the subsequent power divider is replaced with a directional coupler).
The broadband response of the diplexer is shown in Fig. 5 . The filtering properties of the diplexer are defined by a filter in each branch. A simple coupled line is used as a filter in this example, but a higher order filter can be implemented according to overall multiplexer specification, as it will be demonstrated later.
Reconfiguration is achieved by changing the length of the transmission lines (delay lines) [13] and tuning the channel filter itself. In this manner each channel can be tuned individually, as it is shown in Fig. 6 . As one can see from the presented data, the considered architecture allows for independent tuning of the channels.
There are applications where a closer distance between the channels is required. The example featuring this is considered in the following Section.
IV. IMPROVING THE SHAPE FACTOR OF SWITCHED DELAY LINE DIPLEXER
There are many high demanding applications where a more selective behavior is required. In order to improve the shape factor of the diplexer, a higher order filter can be introduced in the unit element. An example of such a diplexer is shown in Fig. 7 . Each filter consists of five identical coupled line sections. As it was mentioned before, the power dividers in Fig. 1 can be replaced by couplers. This has been implemented in the diplexer shown in Fig. 7 . This substitution also reduces the variety of implemented components, which can be an advantage in practical implementation of the diplexer. Instead of designing a directional coupler and a 3,1)) power divider, one would just need to design only a directional coupler, which might reduce the design efforts. A conventional 90-degree coupler is implemented in this design, which consists of four quarter-wave transmission line sections. Since such a coupler is relatively narrowband, the dimensions of the coupler at the second channel have to be adjusted for optimal operation at the corresponding center frequency of the second channel. The electrical lengths of the components in Fig. 7 are given at the center frequency of the first channel of the diplexer, 11 GHz. The original implementation of the switched delay-line resonator is based on a conventional power divider which splits the input signal in two with equal amplitudes and phases. Since the implemented coupler inherently introduces 90 degrees phase shift between the output terminals, the electrical length of a delay line connected to the corresponding terminal is shortened. The values for the parameters of all the components are given in Fig. 7 . The switching of the delay lines and filters is simulated using various values of Δθ' and Δθ". One of the examples describing the way the switching is done in practice can be found in the references [6] , [13] - [15] .
Already with this simple and not optimized design one can see from data in Fig. 8 how the higher order filter shapes the response, preserving the tuning (also refer to Fig. 9…Fig. 10 ). Thus, it is possible to use an arbitrary unit element that can provide the required shape factor. The drawback in this case is the need to design and implement a higher order filter for every switching position, that takes considerably more space, and that is likely to have higher losses.
Here, three reconfiguration scenarios are considered: both channels are tuned simultaneously (Fig. 8) , channel one is fixed while channel two is tuned (Fig. 9) , and channel one is tuned while channel two is fixed (Fig. 10 ).
In the first scenario Δθ' (refer to Fig. 6 ) changes from 87.9 º to 91.8 º, and Δθ" changes from 92.9 º to 96.8 º. The achieved response of the diplexer is shown in Fig. 8 . Improved shape factor and stopband rejection are achieved.
In the second scenario Δθ' is fixed at 90 º (refer to Fig. 6 ), while Δθ" changes from 94º to 96.5 º. The achieved response of the diplexer is shown in Fig. 9 . Finally, in the third scenario, Δθ" is fixed at 95 º while Δθ' changes from 88.6º to 90.9 º. The achieved response of the diplexer is shown in Fig. 10 . As one can see from the presented data, simultaneous ( Fig.  8 ) and independent (( Fig. 9 and Fig. 10 ) reconfiguration of the channels can be achieved.
It should be mentioned that the implemented narrowband directional couplers limit the tuning range of the diplexer. In fact, the demonstrated in Fig. 8…Fig . 10 data represents the maximum achievable tuning range for the circuit in Fig. 7 . Further tuning leads to degraded performance of the diplexer. More broadband realizations of the directional couplers should be considered if a wider tuning range is required.
V. CONCLUSION
In this work, it was shown that the filter based on the switched delay-line approach can be extended to form a multiplexer topology. The design of a diplexer is shown here as an example. The considered topology requires only one filter per channel as opposed to typical directional topologies where two identical filters are typically required. In addition, a power combiner can be used at the output instead of directional coupler if preferred.
It is shown that the selectivity of the switched delay-line diplexer can be further improved implementing higher order filters as the unit elements. 
